The study was conducted on the Biała Lądecka River which is a mountain river. It is similar to many European mountain rivers in terms of hydromorphology and catchment management. The aim of this study was to determine the bioconcentration factors of heavy metals (Pb, Cd, Hg, Ni, Cr, Cu and Zn) 
Introduction
Water pollution is a fact. We are looking for better (cheaper, easier, faster, more accurate) methods for assessing contamination. A particular challenge is to assess the pollution in the fast-fl owing waters of mountain rivers. High fl ow rates result in a change in the content of pollutants in the water.
Macrophytes have proved to be good material for the study since they are easy to obtain and prepare for testing. Among the aquatic plants, submerged plants deserve special attention. Due to the physiology of submerged plants, they may accumulate the largest amounts of pollutants (Senze et al. 2009 ).
We wanted to make our study as universal as possible. For this reason, we chose for the study the Biała Lądecka river which is a typical European mountain river. The Biała Lądecka River is a right tributary of the Nysa Kłodzka River, with a length of 53 km and a basin area of 314.6 km 2 . The Biała Lądecka River begins in the Bialskie Mountains at an altitude of 1090 meters above sea level and turns into the Nysa Kłodzka River at its 133.1 km in the village of Krosnowice at 236 meters above sea level. The river basin is dominated by forests, extensive agriculture as well as urban development. Pollution is prominent because of the crystal glass factory, municipal sewage treatment plants and numerous trout farms. The middle-part of the river (16.3 km) is designated as a Special Protected Area "PLH020035 Biała Lądecka" under the Natura 2000 network.
The study involved macrophytes commonly found in the Biała Lądecka River. There are dominant submerged species of macrophytes in this river, representing different systematic groups of plants.
Ranunculus aquatile (L.) Dumort. is a species representing a group of Angiosperms Cronquist., of the family Ranunculaceae (Juss.). Ranunculus aquatile (L.) Dumort. is a perennial plant and hydrophyte. This plant blooms from April to August. It occurs in shallow and slow-fl owing water and canals (Cook 1963 , Dahlgren 1991 . Ranunculus (L.) subgenus Batrachium (DC.) A. Gray -Batrachium was fi rst treated as a subgenus by A. Gray in 1886 but the rank has varied from section to genus (Dahlgren, 1991) . Cook (1963) found the subgenus rank to be the most appropriate. The subgenus is mainly located in Atlantic European countries. All species except two occur in Europe. The subgenus Batrachium has 17 species (Dahlgren 1991) .
Fontinalis antipyretica (L. ex Hedw.) is a taxon representing the subclass Bryidae. It occurs in Europe, North Asia, northern Africa and North America, in clear-fl owing or 82 P. Pokorny, J. Pokorny, W. Dobicki, M. Senze, M. Kowalska-Góralska standing waters. This moss is common throughout Poland. It grows on underwater rocks, stones, and pieces of wood in shady places. F. antipyretica is often found in temperate regions, in fl owing freshwater streams and ponds. Of the 20 species of water moss, 18 are native to North America. A brook moss may have shoots 30 to 100 (rarely up to 200) cm long and is usually attached to a stone or a tree root. The most common species is F.antipyretica. This species has long, slender branches covered with glossy, yellowish green or dark green phyllids (leaves), 4 to 7 mm long and arranged in three ranks. Male and female reproductive organs are on separate plants (Atherton et al. 2010) .
Lemanea fl uviatilis (L.) C.Ag. is a species representing the division Rhodophyta, of the order Batrachospermales (Bory de Saint-Vincent 1808). This taxon occurs in Europe (Kučera et al. 2004) , in North America (Vis et al. 1992) , South America and Australia. The freshwater red algae of the family Lemaneaceae are characterized by an uniaxival cartilagineous and pseudoparenchymatous gametophyte thallus with internal carposporophytes (Vis et al. 1992) . In Poland, the species occurs in several places especially in the southern part of the country (Starmach 1977) . There is only a small-number of locations with the species L. fl uviatilis since it needs specifi c ecological conditions. For this reason, this alga is on the red list, in those countries where this species is defi ned as vulnerable (Siemińska 2006) .
The fi rst aim of this study was to determine the bioconcentration factors (BCFs) for heavy metals (Pb, Cd, Hg, Ni, Cr, Cu and Zn) in Ranunculus aquatile (L.) Dumort., Fontinalis antipyretica (L. ex Hedw.), and Lemanea fl uviatilis (L.) C.Ag. The second aim was to investigate whether the bioconcentration factors depend on basic physicochemical parameters of water as well as the concentration of heavy metals in water and sediment.
Materials and methods
The research was conducted in 2005, in the section of the river that runs from the mouth (in Krosnowice) to the village of Stary Gierałtów. Samples of water, sediment, and plants were taken at 9 points (Fig 1) , three times a year (in the spring, summer and autumn). Coordinates of sampling sites were determined using GPS map 76CS (GARMIN).
The following physicochemical parameters were determined: temperature (°C), electrolytic conductivity (μS · cm -1 ), water pH, dissolved oxygen (mgO 2 · dm ). The sediment samples and plants were "wet" mineralized in a pressure microwave oven MARS 5 (CEM Corporation, USA). The sediment samples were mineralized with a mixture of HNO 3 and HClO 4 at 3÷1, and the plants with HNO 3 .
The amount of metals in mineralizate were determined using atomic absorption spectrophotometry (AAS). The fl ame method (SpectrAA 220 -Varian, Australia) was used to determine Pb, Cd, Ni, Cr, Cu, and Zn. The cold vapor method (TMA 254 -Tesla, the Czech Republic) was used to determine Hg.
The results of the analyses were verifi ed with the certifi ed reference materials: BCR 60 ( Table 1 .
The accuracy of the method was understood as the difference between the real value of the studied indicator, and the average value of the obtained measurement that was below 5%.
Metal concentrations in the deposits and metal concentrations in the plants are presented in mg · kg -1 of dry weight, in water in μg · dm -3 . The bioconcentration factors (BCFs) were calculated as the relationship of metal concentration in the plant to the concentration of metal in water.
The statistical analysis of the results (the minima, the maxima, the mean, the standard deviation, differences, correlations) was carried out using Statistica 10.0 (StatSoft).
Results
The recorded physical and chemical indicators of water quality are summarized in Table 2 . According to the current classifi cation in Poland, the physical and chemical water parameters in the tested section, classifi ed the Biała Lądecka River as having a class I freshwater quality.
The pH of the water of the Biała Lądecka River was slightly alkaline (pH 6.9-8.1). Electrolytic conductivity of the water and its total hardness were relatively low. The content of dissolved O 2 was high, which is typical for the fast-running and stirred-up water of mountain streams and rivers. Average BOD 5 was low, but its maximum value was high. These results may indicate water contamination with organic substances.
The metal contents which were found in the water of the Biała Lądecka River are shown in Table 3 . Different levels of metals were found in the water from 0.57 μg · dm Among the studied metals in plants, Zn was found most frequently, whereas Hg the least (Table 5) , and the differences between concentration of these metals were very high. The concentration of Zn in F. antipyretica was 1,500 times higher than the concentration of Hg in F. antipyretica. In R. aquatile the concentration of Zn was 10,300 times higher than the concentration of Hg. The signifi cance of difference between concentrations of metals in different plant species was also calculated ( Table 5) .
The noted metal content in water and plants allowed for the calculation of the bioconcentration factors (BCFs) . The obtained results are shown in Fig 2 and in Table 6 . The trends, which are visible on the graph (Fig. 2) , have been confi rmed by the demonstration of the statistical signifi cance of difference as shown in Table 6 (all metals except Pb).
The correlation between physicochemical parameters of water, metal concentrations in water, sediment, plants and the metal concentration (Tables 7, 8 , and 9), and BCFs for metals in plants (Tables 10, 11 , and 12) were calculated. Only statistically signifi cant (p ≤ 0.05) correlations are presented in the Tables.
All other correlations should be considered as strong, r ranged from -1.0 to -0.5, and from 0.5 to 1.0. Kozubek et al. (2002) conducted research on the Bystrzyca Dusznicka River which is similar to and located near the Biała Lądecka.
Discussion
These authors found that pH and conductivity of the Bystrzyca Dusznicka River were similar to those of the Biała Lądecka. They also found that BOD 5 was signifi cantly lower (0.82 mg O 2 · dm -3 ), dissolved oxygen levels (9.68 mg O 2 · dm -3 ) were also lower, and total hardness was higher (118.6 mg CaCO 3 · dm -3 ). Simić (2007) gives similar values of the physicochemical water parameters of the Rešava River and the Božička River in Serbia, where there were L. fl uviatilis populations. Say et al. (1983) noted the results of various authors concerning the pH and electrolytic conductivity of water from the habitats of F. antipyretica and Ranunculus sp. (R. aquatile and R. penicilatus). The pH from these sites ranged from 6.5 to 8.1, and the electrolytic conductivity was higher than in the Biała Lądecka River -70-615 μS · cm -1 . During their research Say et al. (1983) determined the parameters of water in the places where F. antipyretica was found. At these places, the pH was 7.5 and electrolytic conductivity was 296 μS · cm -1 . Metal concentrations in the water of the Biała Lądecka River differed from the concentrations described by Kozubek et al. (2002) ). In the mountain river Bystrzyca and its tributaries (also in the Sudety Mts), Senze et al. (2007) found higher amounts of Cu, Ni and Zn (for Cu and Zn -2 times higher), and lower Cd and Pb than we had found in the Biała Lądecka River. On habitats of F. antipyretica, Say et al. (1983) found similar amounts of Pb (4.2 μg · dm ) than the same metal levels in the Biała Lądecka River.
The metal concentrations found in the water of the Biała Lądecka River are similar to the concentrations found in other clean European rivers (Neal et al. 1998 , Vázquez et al. 2000 , Samecka-Cymerman et al. 2005 , Gecheva et al. 2011 .
The metal content in sediment was signifi cantly higher than that found in the water of the Biała Lądecka River. The metal concentration in sediment to metal concentration in water ratio was almost 10,000 for Pb, Ni and Zn. For Cu, this ratio was 6600. For Hg, the ratio was quite different; only 53. In terms of metal content, the bottom sediment of the Biała Lądecka River (Table 4) belongs to class I classifi cation, only the Pb content was typical of the class II classifi cation of bottom sediment (Bojakowska 2001) . These values do not differ from the values reported by other researchers for other rivers (Say et al. 1983 , Ciszewski 2001 , Ibragimow et al. 2013 , Pokorny et al. 2013 , Jabłońska-Czapla et al. 2014 .
The metal content in the water and sediment of the Biała Lądecka River was characterized by high volatility. The volatility can be expressed as a variability coeffi cient calculated from the formula: Standard Deviation/Average · 100%. For metals in water, the variability coeffi cient ranged from 41% (for Cu) to 88% (for Ni). The metal content of the sediment had a lower variability coeffi cient for Ni, Cu, and Zn (23%, 32%, and 29%, respectively), and a higher variability coeffi cient for Pb and Hg (73% and 100%, respectively) .
The variability coeffi cient for the metal content in plants was lower than the variability coeffi cient for the metal content in water and sediment. However, the variation coeffi cient differed depending on the plant species. The highest was for R. aquatile (from 24% to 96% for Cu and Pb, respectively) and the lowest was for L. fl uviatilis (from 22% to 50% for Zn and Pb, respectively).
The metal concentrations in all the species of plants from the Biała Lądecka River study, can be arranged as follows: Hg < Cd < Cr < Ni < Cu < Pb <Zn, and arrangement is the same for the water. Among the studied plants, the lowest metal concentrations were found in L. fl uviatilis. Of all species of plants, F. antipyretica contained the highest amount of Hg, Ni, Cr, Cu, and R. aquatile contained the highest amout of Pb, Cd and Zn. We found statistically signifi cant differences (Pb -p ≤0.05, all other -p≤0.01) between the content of each metal in L. fl uviatilis, and in R. aquatile.
The contents of all metals in F. antipyretica were higher than the metals content in L. fl uviatilis. The differences for Hg, Ni, Cr, and Cu were statistically signifi cant (p ≤ 0.01).
As indicated by available literature, the metal levels in plants from the present Biała Lądecka River study were similar to the results of other authors. In R. aquatile, Martinez ). Samecka-Cymerman et al. (1996) found in R. aquatile (from contaminated river) higher amounts of Hg and Ni (0.16 mg · kg -1 and 9.5 mg · kg ). There is much more information in the literature concerning F. antipyretica. In our study, the indicated concentrations of Pb, Cd, Ni, Cr, and Cu in this moss were in the range reported by the following authors (Say et al. 1983 , Vazquez et al. 2004 , Gapeeva et al. 2010 , Gecheva et al. 2011 , Martinez et al. 2011 . However, in the case of Hg and Zn, the maximum values given by the authors are much higher than those obtained in our study. In F. antipyretica, Vazquez et al. (2004) even found 0.76 mg · kg -1 (5 times more than the maximum value found in our study) and 1107 mg · kg -1 Zn (4 times more). In F. antipyretica, Say et al. (1983) found 2825 mg · kg -1 Zn (11 times more). Correlation coeffi cients between the analyzed factors (physical and chemical parameters of water, metal concentration in water, sediment, and plants) were calculated. Among the statistically proven correlations, some can be distinguished. What would seem to be the obvious relationship of the metal content in water and the content of the same metal in plant, was actually only statistically confi rmed in three cases. The three cases were: 1) Pb in water and Pb in R. aquatile, and 2) Pb in water vs. Pb and F. antipyretica., and 3) Ni in water and Ni in R. aquatile. All these correlations are positive and strong. Statistically signifi cant correlations between a specifi c metal content in sediment and that specifi c metal content in plant were equally rare. The correlations were statistically confi rmed only for Pb in sediment and Pb in all of plant species, and the correlations were statistically confi rmed for Zn in sediment and Zn in R. aquatile. Interestingly, with an increase of Zn content in sediment, there was a decrease in the concentration of Zn in R. aquatile (r = -0.55). Samecka-Cymerman et al. (1999) have confi rmed other correlations: Cu in water and Ni in bryophytes, Cr in water and Pb in bryophytes, Pb in water and Cd in bryophytes. But their research was carried out in different water conditions, where, above all, there was a low pH (5.7-6.3). Say et al. (1983) demonstrated a correlation between Cu and Zn in water and in F. antipyretica. They also showed a correlation between the contents of Cd, Pb, Cu, and Zn in sediment and in F. antipyretica.
The occurrence of a positive correlation between the content of the metal in water and its concentration in plant may indicate that the metal is absorbed by green part of plant, which is washed by water. The lack of such correlation does not necessarily imply a different way of metal absorption. It 
Ranunculus aquatile
Hg < Cd < Cr < Ni < Cu < Pb < Zn Fontinalis antipyretica Hg < Cd < Pb < Cr < Cu < Ni < Zn
Lemanea fl uviatilis Hg < Cd < Cr < Cu < Pb < Ni < Zn
Among the analyzed metals, plants accumulated the highest amount of Zn, and the least of Cd and Hg. For nickel, the lowest BCF was calculated in R. aquatile, for all other metals the lowest BCF was calculated in L. fl uviatilis.
In conclusion, we can say that the lowest bioaccumulation of metals was characterized by L. fl uviatilis, and the highest by F. antipyretica.
Physicochemical parameters may have statistically signifi cant infl uence (p ≤ 0.05) on the BCFs for metals in plants. The following statistically signifi cant relationships were confi rmed: BCF for Cu in R. aquatile was correlated with the alkalinity, electrolitical conductivity, and total hardness; BCF for Cu in F. antipyretica was correlated with total hardness and dissolved oxygen; and BCF for Cu in L. fl uviatilis was correlated with BOD 5 . The BCF for Hg in F. antipyretica was correlated with total hardness and dissolved oxygen. The BCF for Cd in L. fl uviatilis was correlated with alkalinity.
We managed to see some signifi cant trends. The bioconcentration factor for Zn in F. antipyretica and L. fl uviatilis was positively (r > 0.7) correlated with the contents of Pb and Zn in river sediments. The bioconcentration factor for Ni was inversely proportional to concentrations of Hg in the sediment, for F. antipyretica, and L. fl uviatilis. Whereas, in the case of R. aquatile, Hg in sediment correlated (also negatively) with BCF for Cu.
Conclusions
1. The lowest concentrations of Hg and the highest concentrations of Zn were determined in the environmental elements of the Biała Lądecka River. 2. In ascending order, the metal concentrations were: water < sediments < plants. 3. The concentrations of metals in the water and in the plants can be arranged as follows: Hg < Cd < Cr < Ni < Cu < Pb < Zn. 4. Out of three plants species, the lowest concentrations of all metals were determined in L. fl uviatilis. 5. In all plants species, the lowest BCFs were calculated for Hg, and the highest for Zn.
